Dark matter from cosmic defects on galactic scales? 
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We discuss the possible dynamical role of extended cosmic defects on galactic scales, specifically 
focusing on the possibility that they may provide the dark matter suggested by the classical problem 
of galactic rotation curves. We emphasize that the more standard defects (such as Goto-Nambu 
strings) are unsuitable for this task, but show that more general models (such as transonic wiggly 
strings) could in principle have a better chance. In any case, we show that observational data 
severely restricts any such scenarios. 



I. INTRODUCTION 

Symmetry breaking phase transitions in the early uni- 
verse are expected to have produced networks of topo- 
logical defects pj] . The possible roles of these defect net- 
works in key cosmological scenarios will depend both on 
the type of defect considered and on the corresponding 
dynamics. For example, if defects are to significantly con- 
tribute to the dark energy, they should have a negative 
equation of state. If so the best possible situation is that 
of a frustrated network, in which case 
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where N is the defect's spatial dimension {N = 1,2 
respectively for cosmic strings and domain walls, while 
A^ = 3 corresponds to a cosmological constant). 

It is clear that only the cases with N = 2 and iV = 3 
can lead to the recent acceleration of the Universe. A 
crucial property shared by these two cases is that the ra- 
tio between the dark energy density and the background 
density grows rapidly with time, with dark energy be- 
ing dynamically dominant only around today. The de- 
fect network should therefore have a present density close 
to critical (fi^^ ^ 1), but compatibility with other cos- 
mological observables requires it to have a characteris- 
tic scale several orders of magnitude below the horizon 

Defects can also act as seeds for structure formation 
[3|. This may be the case if the ratio between the av- 
erage defect energy density and the background density 
is approximately a constant and the characteristic scale 
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of the network is roughly proportional to the Hubble ra- 
dius (^ oc H~^). Moreover, the defect fluctuations on 
the Hubble scale must be small {S < 10~^), and if the 
characteristic scale of the defects is of the order of the 
Hubble scale then it follows that their average energy 
density must also be very small (firfe/ < 10"'^) for con- 
sistency with cosmic microwave background anisotropics. 
It is well known that a scaling cosmic string network has 
all these properties [l[ . Notice that the required network 
properties are mutually incompatible: although there are 
unified dark energy scenarios in which dark matter and 
dark energy are described by a single entity, it is not pos- 
sible for a given defect network to simultaneously be the 
dark energy and act as a seed for structure formation. 

The possible role of domain walls as dark energy can- 
didates has been investigated in detail in [3, Q where 
it was shown that the dynamics of realistic domain wall 
networks appears to be incompatible with a dark energy 
role. Here we take a closer look at the role of defects on 
smaller scales. Specifically we will be mostly interested in 
kiloparsec (that is, galactic) scales. In particular, in do- 
ing this we will also explore another possibility that has 
been recently put forward [5|, |6[ , viz. that cosmic strings 
could be the dark matter and explain the observed flat 
rotation curves of spiral galaxies. 



II. DARK MATTER 

The oldest evidence for the existence of dark matter 
comes from the pioneering work of Zwicky 7] in the 
1930s, on the velocity dispersion of galaxies in clusters. 
On the other hand the evidence for the presence of dark 
matter on galactic scales comes from the behavior of cir- 
cular velocities of stars and gas as a function of their 
distance from the galactic center [g, [3, |T3| , and has been 
known since the 1970s. 

Measurements are normally carried out by combining 
observations of the 21 cm hydrogen line with optical sur- 
face photometry. The observed rotation curves usually 



exhibit a characteristic flat behavior at large distances, 
around and well beyond the edge of the visible disks. If 
one assumes the validity of Newtonian gravity, the circu- 
lar velocity is given by 
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In this framework, the observation of a constant large- 
scale velocity is usually explained by the existence of a 
dark mater halo, with a mass M oa r. There is also evi- 
dence for dark matter in elliptical galaxies, in particular 
coming from strong gravitational lensing measurements 

However, the dark matter scenario presents some puz- 
zles. There is no particle, predicted by the standard 
model of particle physics, whether elementary or com- 
posite, that can account for the amount of dark mat- 
ter required by modern cosmological and astrophysical 
observations. Big bang nucleosynthesis determines the 
total amount of baryonic matter present in the Uni- 
verse to be 0.017 < n.Bh'^ < 0.024 ^ , where h = 
Ho/lOOKms-^Mpc-^ - 0.7, while the 5-year WMAP 
data [Hill implies flsh^ = 0.02273 ±0.00062, with the 
density of luminous matter being flium — 0.0024/i~^|15|. 
We may therefore conclude that some of the baryons 
are dark, although the WMAP data and nucleosynthe- 
sis constraints clearly show that they are not sufficient 
to account for most of the dark matter needed. At the 
same time, these results rule out the so-called dark bodies 
(such as black holes, planets or brown dwarfs) as primary 
dark matter candidates. Therefore, the conclusion that 
one may draw is that most of dark matter has a nonbary- 
onic nature. 

Given the success of the particle physics standard 
model, this could therefore point to the existence of new 
physics beyond it. Indeed, this is one of the key moti- 
vations for the forthcoming LHC experiments at CERN. 
Whatever this new physics may be it should come with 
new particles — one or more of which could be responsi- 
ble for the dark matter — in fact, there is no shortage of 
candidates [16]. 

Alternatively, the new physics could be in the grav- 
itational sector. For example, the modified Newtonian 
dynamics (MOND) [13] is an empirically-based modifi- 
cation of Newtonian gravity in the limit of low acceler- 
ations which describes reasonably well the dynamics in 
most galaxies and other larger astrophysical systems. A 
tensor-vector-scalar gravity (TeVeS) theory has also re- 
cently been proposed by Bekenstein [18[ which reduces 
to MOND in the appropriate limit, but it can also be 
used to make cosmological predictions or to describe 
gravitational lensing, which could not be addressed by 
MOND. Although these and other theories [19| present 
some successful results on different scales, they face sev- 
eral challenges, such as those posed by the latest cosmic 
microwave background results [2 01 ] or the ones implied by 
the inferred dynamics of the bullet cluster [2l| . 

In what follows we will explore a new mechanism where 



the flatness of observed rotation curves in spiral galaxies 
is due to the presence of cosmic strings. Doing so in 
fact leads us to a broader analysis of the possible roles of 
defects on galactic scales. 



III. COSMIC STRINGS AND SPIRAL 
GALAXIES 

In order to explain the galaxy rotation curves one 
would need a cosmic string to go through the center of 
each galaxy. The string network would need to have a 
characteristic scale of the order of the average intergalaxy 
distance ~ IMpc and the string velocities would have 
to be very small (basically equal to the velocity of the 
galaxy). Such scenarios can in principle exist, although 
they will in general lead to string-dominated universes. 

The first such example, using simple Goto-Nambu 
strings, was proposed by Kibble [23. Such a string- 
dominated universe would have ^ ex a^^"^ ex t (neglect- 
ing energy losses to loops), and the present-day ratio 
(^/t)g — y/30UJI then corresponds to ^ ~ 1 — 30kpc. 
Kibble himself points out that such a scenario relies on a 
particular set of (somewhat unphysical) phenomenologi- 
cal parameters. Notice that this is no solution to the dark 
matter problem: long strings could hardly be bound in 
galaxies — indeed, the analysis also neglects the dynami- 
cal effect of the string velocities. 

Much more recently, Alexander ^ suggests that dark 
matter stems from a frozen (rigid) string network, which 
would provide an accretion mechanism at recombina- 
tion and thread galaxies, leading to flat rotation curves. 
Note that a viable mechanism requires that strings ex- 
plain the dark matter on both large (cosmological) and 
small (galactic/cluster) scales. Clearly this scenario re- 
quires a rigid network {v '^ 0) whose strings have wig- 
gles (for an attractive radial force leading to accretion), 
and obviously dark matter should have an equation of 
state u; ~ 0. These are mutually incompatible for 
Goto-Nambu strings, since w^ ^ 1/2 in the matter limit 
{w = 0). 

However, things are different when we consider tran- 
sonic wiggly models [2J, [2J]. For Goto-Nambu strings, 
T = /i = /io = const, and /x and T are the effective mass 
per unit length and tension of the string. Wiggly models 
obey T^ = /ig, and have an equation of state 
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Notice that this does allow for the desired behavior: in 
the frozen limit we have 
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while matterlike behavior [w = 0) requires 
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The two regimes coincide in the tensionless hmit T/ ^ -^ 
0: a frozen tensionless network has a matterhke equation 
of state. Moreover, for such a frozen network 
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which implies that /i ex a^^ . This behavior is there- 
fore quite different from that of an ordinary Goto-Nambu 
string network. In the context of 'standard' cosmologi- 
cal scenarios, one would need to invoke rather fine-tuned 
models to achieve it. On the other hand, it is certainly 
conceivable that such a behavior can ensue in cosmic (su- 
per)string models where some of the network's energy 
momentum gradually leaks into extra dimensions. This 
issue is beyond the scope of the present work, and its 
study is left for future work. 

For our present purposes the relevant point is that, 
unlike the simplest Goto-Nambu strings, wiggly cosmic 
strings have a nonvanishing gravitational potential, $, 
which leads to the following gravitational force on a test 
particle [l| 



V$ = 
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where r is the distance from the center of the galaxy. Of 
course in the relevant tensionless limit T <C /i, so we will 
henceforth neglect the string tension. 

If a wiggly string threads the center of a spiral galaxy, 
the above contribution will add to the usual Newtonian 
one, so in the weak field limit the circular velocity is 
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This immediately shows that asymptotically the squared 
velocity is dominated by a constant term due to the 
string, so at least naively ^/2Gfi can be identified with 
the observational asymptotic velocities of spiral galaxies. 

We have analyzed several normal spiral galaxies with a 
range of total masses and different asymptotic velocities 
(in what follows we will show only four examples). We 
divided the galaxies in two groups: one group with the 
galaxies whose structure can be modeled assuming only a 
baryonic disk component (here represented by NGC3198 
and NGC7331), and the other one with those where a 
bulge can not be ignored (here the galaxies NGC2841 
and NGC2903). 

Considering a range for the parameter ^/2Gji of be- 
tween 40 and 100 kms~^, which in natural units corre- 
sponds to 



10"^ < G/i < 10" 



(9) 



one can easily show that it is possible to adjust the 
asymptotic velocities for most of normal spiral galaxies. 
For the galaxies shown in Figs. [T] and [21 our best fits 
were obtained for significantly different values of ■\/2G/i, 
although they are all in the chosen range. However, the 
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FIG. 1: Rotation curves for two spiral galaxies with no bulge. 
Only a baryonic disc and a cosmic string threading each galac- 
tic center are assumed. The dotted (blue) line represents the 
observational data, and the dot-dashed one is the disk con- 
tribution. The solid (red) line is the total (disk + string) 
rotation curve. The horizontal (yellow) bands and the bars 
represent, respectively, the ranges for ^2G[i, and for the to- 
tal rotation curve discussed in the main text. For NGC3198 
the best fit is obtained using \/2Gfi = 90kms~'^, while for 
NGC7331 that is achieved for V^G^ = 77kms"\ 
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FIG. 2; Same as for Fig. [U except that for these two 
galaxies one has to take into account a baryonic central 
bulge whose contribution to the total rotation curve (bulge 
+ disk + string) is represented by the dashed line. Best fits 
were obtained with ^/2GfI = 90kms"^ for NGC2841, and 
y^TGjI = 40kms~^ for NGC2903. 



constant term, due to the string, in Eq. ([8|) , also increases 
the velocities in the central region of the galaxies, which 
is in complete contradiction with observational data. As 
can be seen in both figures, the central region of the 
galaxies is never fitted. The discrepancy is less dramatic 
for NGC7331, but for this galaxy there is an intermediate 
region where no fit is possible. 



IV. LARGE SCALE STRUCTURE 

Dark matter should be approximately homogeneous 
and isotropic on eosmological scales, for otherwise that 
would yield strong (unobserved) signatures on the cosmic 
microwave background. If we take into account that the 
amplitude of the cosmic microwave background tempera- 
ture perturbations generated by dark matter on scales of 
order ^ Hq^ /lOO cannot be much larger than 10^^ and 
assume that the power spectrum of density perturbations 
associated with the defects is white noise on scales larger 
than ^, with the dispersion of order unity at the char- 
acteristic scale ^ itself, we require (IOOTJqO'^^^ < 10~^ 
implying that ^ < 10 kpc. 

Of course, an important aspect one should also con- 
sider is the compensation of defect perturbations on large 
scales. In standard defect models where the characteris- 
tic scale of the network is of the order of the Hubble ra- 
dius, its main effect is to provide a cut-off to the spectrum 
of density fluctuations seeded by the defects at a scale of 
the order of the horizon (see for example [25l. l2a. \2l\ ) . 

In this case, because compensation only acts on very 
large scales, the above calculation holds. However, if 
the defect network becomes frozen then compensation 
may become effective at a much smaller scale (still always 
larger than ^). Nevertheless, at the characteristic scale, £,, 
the defect energy density perturbation is of order unity 
and on scales larger than ^ the power spectrum of the 
defect energy density is white noise. Consequently, even 
if we assume that compensation becomes effective on a 
scale ^c with ^ < ^c ^ H^^, the fact that during the 
matter era the growth factor is approximately equal to 
Zoq ~ 3.2 X 10'^ would lead to dramatic implications for 
the growth of small scale structures from very early on 
if ^ ~ 1 Mpc. This would change the amplitude of small 
scale density fluctuations from an early stage strongly 
affecting the reionization history of the Universe [2^ . 

In fact we expect that ^c > ^cq^- On one hand, if 
the network freezes during the radiation era then in that 
epoch the compensation scale is comparable to the hori- 
zon if the decay products of the defect network move at 
relativistic speeds. On the other hand, even if this is 
not the case, perturbations in the radiation component 
propagate close to the speed of light and consequently 
one might expect that ^c ^ H^^ during the radiation 



era. Deep in the matter era the fluctuations in the ra- 
diation component become less and less important and 
consequently if the source does not move then the comov- 
ing compensation scale should also not change much. 



V. CONCLUSIONS 

In this report we have considered the possible dynam- 
ical role of cosmic defects on scales significantly smaller 
than the horizon. In particular, we have discussed the 
possibility that a network of cosmic strings could pro- 
vide the dark matter whose presence on galactic scales is 
suggested by the galactic rotation curves. 

Our results show that even in principle only a nonstan- 
dard string network would have the key properties that 
could make the scenario viable. While no such scenar- 
ios are currently known (at least in quantitative detail) 
it is certainly conceivable that they may arise in cosmic 
(super)string models where some of the network's energy 
momentum gradually leaks into extra dimensions — such 
an energy leakage seems to be the only mechanism that 
could slow down the network to the required very low 
(effectively zero) velocities. 

In any case, from the observational point of view the 
situation is quite clear. By adding a string contribution 
it is indeed quite easy to reproduce the asymptotic veloc- 
ities for most of normal spiral galaxies, and the energy 
scale of the appropriate strings would in fact be the cos- 
mologically interesting Gfi ^ 10"^. However, any such 
string contribution will also increase the velocities in the 
central region of the galaxies, which is in complete con- 
tradiction with observational data. We thus conclude 
that although defects can still play a number of interest- 
ing astrophysical roles on galactic scales, they are unable 
to shed light on the dark matter problem. 



Acknowledgments 

We thank Catarina Lobo and Y. Sofue for valuable 
advice and enlightening comments. The work of CM. is 
funded by a Ciencia2007 Research Contract. 



[1] 



[2] 
[3] 



[4] 



A. Vilenkin and E. P. S. Shellard, Cosmic Strings and [5] 

other Topological Defects (Cambridge University Press, 
Cambridge, U.K., 1994). [6] 

J. Silk and A. Vilenkin, Phys. Rev. Lett. 53, 1700 (1984). [7] 

P. P. Avelino, C. J. A. P. Martins, J. Menezes, [8] 

R. Menezes, and J. C. R. E. Oliveira, Phys. Rev. D73, 
123519 (2006), astro-ph/0602540. [9] 

P. P. Avelino, C. J. A. P. Martins, J. Menezes, 
R. Menezes, and J. C. R. E. Oliveira, Phys. Lett. B647, [10] 

63 (2007), astro-ph/0612444. 



A. Widom, Y. M. Srivastava, and N. Redington, Phys. 
Rev. D48, 554 (1993). 
S. Alexander (2007), hep-th/0702212. 
F. Zwicky, Helv. Phys. Acta 6, 110 (1933). 
V. C. Rubin and W. K. Ford, Astrophys. J. 159, 379 
(1970). 

S. M. Faber and J. S. Gallagher, Ann. Rev. Astron. As- 
trophys. 17, 135 (1979). 

V. C. Rubin, N. Thonnard, and W. K. Ford, Astrophys. 
J. 238, 471 (1980). 



[11] L. V. E. Koopmans and T. Treu, Astrophys. J. 583, 606 [21] 

(2003), astro-ph/0205281. 
[12] B. Fields and S. Sarkar, J. Phys. G33, 220 (2006), astro- [22] 

ph/0601514v2. [23] 

[13] E. Komatsu et al. (WMAP) (2008), 0803.0547. 
[14] J. Dunkley et al. (WMAP) (2008), 0803.0586. [24] 

[15] M. Fukugita, C. J. Hogan, and P. J. E. Peebles, Astro- [25] 

phys. J. 503, 518 (1998), astro-ph/9712020. 
[16] G. Bertone, D. Hooper, and J. Silk, Phys. Kept. 405, 279 [26] 

(2005), hep-ph/0404175. 
[17] M. Milgrom, Astrophys. J. 270, 365 (1983). [27] 

[18] J. D. Bekenstein, Phys. Rev. D70, 083509 (2004), astro- 

ph/0403694. [28] 

[19] J. W. Moffat, JCAP 0505, 003 (2005), astro-ph/0412195. 
[20] C. Skordis, D. F. Mota, P. G. Ferreira, and C. Boehm, 

Phys. Rev. Lett. 96, 011301 (2006), astro-ph/0505519. 



D. Clowe et al., Astrophys. J. 648, L109 (2006), astro- 

ph/0608407. 

T. W. B. Kibble, Phys. Rev. D33, 328 (1986). 

B. Carter, Phys. Rev. Lett. 74, 3098 (1995), hep- 

th/9411231. 

B. Carter (1997), hep-th/9705172. 

S. Veeraraghavan and A. Stebbins, Astrophys. J. 365, 37 

(1990). 

J. Robinson and B. D. Wandelt, Phys. Rev. D53, 618 

(1996), astro-ph/9507043. 

C. Cheung and J. Magueijo, Phys. Rev. D56, 1982 
(1997), astro- ph/9702041. 

P. P. Avelino and A. R. Liddle, Mon. Not. Roy. Astron. 
Soc. 348, 105 (2004), astro-ph/0305357. 



